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Transfusion  support  of  patients  with  hemorrhagic  shock  has  changed  over  time  with  the 
development  of  storage  and  processing  methods.  Transfusion  medicine  developed  during 
World  War  I  with  the  use  of  whole  blood,  and  now  in  the  developed  world,  component 
therapy  predominates.  In  contrast,  there  is  still  clinical  use  of  fresh  whole  blood  (FWB)  in  the 
developing  world,  in  a  minority  of  children's  hospitals,  and  in  combat  settings.  Although  there 
is  a  rationale  for  the  use  of  FWB  in  massively  bleeding  patients  compared  with  the  use  of 
individual  components,  it  has  rarely  been  analyzed  in  prospective  randomized  clinical  trials. 
Recent  retrospective  studies  in  adult  trauma  and  mixed  critically  ill  patients  have  revived  this 
decades-old  controversial  question  of  the  value  of  FWB  for  patients  with  severe  shock  and 
coagulopathy  or  those  at  risk.  The  risks  of  FWB  use  have  also  been  highlighted  recently,  which 
has  caused  some  to  focus  on  reducing  these  risks  with  alternative  processing  and  storage 
methods.  It  is  important  to  recognize  that  current  processing  and  storage  methods  for 
components  have  also  not  been  adequately  explored  to  determine  whether  they  affect  clinical 
outcomes.  In  this  article,  we  review  potential  benefits  and  risks  of  FWB  use  for  patients  with 
hemorrhagic  shock  from  any  cause,  and  how  current  and  future  processing  and  storage 
methods  may  affect  efficacy  and  safety  of  FWB  in  this  population.  We  intend  this  review 
to  stimulate  hypothesis  generation  and  clinical  investigation  in  determining  when  FWB 
may  be  indicated  and  how  to  optimally  process  and  store  FWB  to  maximize  its  risk-benefit 
ratio.  (Anesth  Analg  2012;115:751-8) 


Component  therapy  has  replaced  whole  blood  (WB) 
as  the  standard  in  most  environments  because  of 
well-demonstrated  availability  of  individual  prod¬ 
ucts  for  patients  with  specific  deficits  (anemia,  thrombocy¬ 
topenia,  coagulation  factor  deficiency),  and  improved 
blood  bank  economics. 1-3  However,  component  usage  in 
austere  settings  (developing  world  and  combat)  is  often 
limited  by  storage  requirements  for  blood  products  (refrig¬ 
eration  for  red  blood  cells  [RBCs],  room  temperature  with 
agitation  for  platelets  [PLTs],  and  frozen  for  plasma  prod- 
ucts).4~6  When  these  storage  technologies  are  unavailable, 
fresh  whole  blood  (FWB)  becomes  the  default  option.  WB 
also  continues  to  be  used  in  the  developed  world  in  certain 
pediatric  populations  because  of  the  belief  that  it  is  superior 
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to  components  for  hemorrhagic  shock.7'8  The  definition  of 
FWB  has  varied  in  the  literature  and  depends  mainly  on  the 
storage  duration  and  temperature.  The  United  States  (US) 
military  defines  WB  as  fresh  when  it  is  used  within  24 
hours  of  collection.9  Current  US  military  clinical  practice 
guidelines  state  that  "FWB  will  have  a  shelf-life  of  24-hours 
and  should  be  stored  at  1-6°  within  8-hours  after  collection, 
unless  otherwise  directed  by  medical  staff  due  to  insuffi¬ 
cient  or  no  red  blood  cell  (RBC)  or  plasma  product  inven¬ 
tory"  (Ref.  1  in  Table  1).  Most  civilian  institutions  define  it 
as  fresh  if  it  is  stored  for  <48  hours  at  2°C  to  6°C.10  We  will 
refer  to  each  as  either  warm  or  cold  FWB,  respectively,  in 
this  review  for  clarity.  There  are  additional  differences 
between  warm  and  cold  stored  FWB  other  than  the  dura¬ 
tion  and  temperature  of  storage.  The  effect  of  storage 
temperature  on  PLT  activation  and  survival  and  recovery 
was  first  documented  by  Murphy  and  Gardner.11  Room 
temperature  storage  of  PLTs  was  associated  with  improved 
recovery  and  survival  compared  with  cold  storage,  whereas 
cold  stored  PLTs  were  noted  to  have  increased  markers  of 
activation.11  Another  major  difference  between  warm  and 
cold  FWB  is  that  when  it  is  transfused  warm  for  emergency 
use  in  combat  scenarios,  complete  transfusion-transmitted 
disease  screening  is  not  possible,  whereas  when  stored  cold,  it 
can  be  hilly  tested  before  use  and  it  is  collected  in  a  manner 
that  meets  Food  and  Drug  Administration  (FDA)  standards. 
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The  transition  over  time  in  the  developed  world  from 
WB  to  components  occurred  with  very  few  clinical  trials  to 
determine  which  populations  would  or  would  not  benefit 
from  this  change.3  In  fact,  there  have  been  many  processing 
methods,  to  include  not  only  component  preparation  from 
WB,  but  also  irradiation,  and  washing,  for  example,  that 
have  also  emerged  over  time  without  clinical  trial  evidence 
to  allow  for  risk-benefit  analyses  within  different  patient 
populations. 

The  importance  of  determining  risk-benefit  ratios  in 
different  populations  is  highlighted  in  the  "two-hit"  hy¬ 
pothesis.  Based  on  this  concept,  the  risk-benefit  ratio  for 
blood  product  administration  is  dependent  on  the  baseline 
physiologic  state.  For  example,  patients  with  critical  illness 
are  at  increased  risk  of  adverse  effects  from  transfusion  of 
blood  products  because  they  are  already  in  a  dysfunctional 
physiologic  state  and  have  minimal  if  any  reserve  to  absorb 
any  additional  pathologic  perturbations.3  Unfortunately, 
because  there  is  no  standard  approach  to  quantify  severity 
of  illness,  or  thorough  understanding  of  which  of  the  many 
aspects  of  critical  illness  (immune,  endothelial,  coagulation, 
vasoregulation  dysfunction,  etc.)  affects  this  relationship,  it 
is  very  difficult  to  systematically  analyze  the  risk-benefit 
ratio  of  blood  products  in  these  patients.  Recognizing  that 
there  are  genomic  influences  that  affect  this  relationship 
also  further  confounds  the  determination  of  the  risk-benefit 
ratio  of  blood  products,  especially  in  patients  with  hemor¬ 
rhagic  shock.  One  approach  to  differentiating  risk-benefit 
ratios  among  distinct  cohorts  is  to  perform  clinical  trials 
within  each  of  them.  This  would  be  difficult  with  the 
standard  approach  to  clinical  trial  design  but  would  be 
more  feasible  with  a  comparative  effectiveness  design.12 

Compared  with  elective  surgery  patients  requiring 
transfusion  or  those  requiring  chronic  transfusions,  criti¬ 
cally  ill  patients  who  are  in  a  state  of  shock  and  coagulopa¬ 
thy  (e.g.,  hemorrhagic  shock)  are  in  a  precarious  state 
regarding  the  effects  of  transfusion.3,13  These  patients  re¬ 
quire  rapid  resolution  of  shock  and  coagulopathy  to  pre¬ 
vent  morbidity  and  mortality,  and  they  are  also  at  highest 
risk  for  complications  of  transfusion.3  With  increased  stor¬ 
age  duration,  oxygen  delivery  capability  and  PLT  function 
decrease  and  the  generation  of  immunomodulating  micro¬ 
particles  increases  in  both  RBC  and  PLT  concentrates. 
Classically,  it  has  been  presumed  that  these  storage  lesion 
effects  were  not  clinically  relevant  and  would  not  affect 
clinical  outcomes.  It  is  currently  unknown  whether  storage 
duration  of  RBCs  and  PLTs  affects  outcomes.  The  over¬ 
whelming  weight  of  biologic  evidence  suggests  that  RBC 


and  PLT  storage  age  affect  immune,  vasoregulatory,  and 
coagulation  systems.  An  intense  scientific  effort  is  under¬ 
way  and  seeks  to  determine  the  magnitude  and  clinical 
significance  of  these  deleterious  changes.3,14,15 

Ironically,  because  of  allocation  strategies  and  the  need 
to  minimize  blood  product  waste,  critically  ill  patients  are 
at  increased  risk  of  being  exposed  to  blood  products  of 
increased  storage  age.  This  occurs  because  of  the  common 
practice  of  transferring  older  RBCs  (approaching  the  expi¬ 
ration  date)  from  community  hospitals  to  medical  centers.16 
This  allows  blood  near  expiration  to  be  used  and  not 
wasted.  In  addition,  this  standard  policy  of  allocating  the 
oldest  RBC  unit  in  inventory  increases  the  risk  of  exposure 
to  RBCs  of  increased  storage  duration  to  the  sickest  patients 
because  they  require  the  most  blood.17  This  standard  blood 
use  practice  in  effect  shuttles  older  blood  products  with 
known  reduced  efficacy  and  safety  to  the  patients  who 
presumably  require  the  most  efficient  and  safest  product. 
The  availability  of  FWB  could  potentially  improve  efficacy 
in  critically  ill  patients.  The  safety  of  FWB  compared  with 
stored  components  is  much  less  clear.  Whereas  FWB  seems 
to  be  safer  in  some  respects,  it  may  not  be  in  others. 

It  is  essential  that  future  research  focus  on  developing 
optimal  blood  products  with  the  highest  benefit-to-risk 
ratio  for  patients  with  hemorrhagic  shock  from  any  cause 
(traumatic,  gastrointestinal,  obstetric,  postoperative,  etc.). 
Our  review  focuses  on  the  potential  risks  and  benefits  of 
FWB  for  hemorrhagic  shock  and  then  explores  processing 
methods  that  may  reduce  these  risks.  In  addition,  we 
discuss  the  value  of  developing  trials  comparing  FWB  with 
components  in  populations  at  high  risk  for  hemorrhagic 
shock. 

BIOLOGIC  RATIONALE  FOR  FWB  WITH 
MASSIVE  BLEEDING 

There  are  many  biologic  and  theoretical  reasons  that  support 
the  use  of  warm  FWB  rather  than  components  for  patients 
with  severe  life-threatening  hemorrhagic  shock.1,18-21  FWB 
provides  a  balanced  amount  of  RBCs,  plasma,  and  PLTs,  as 
well  as  an  increased  concentration  of  cellular  components 
and  improved  function  compared  with  stored  components 
in  a  1:1:1  unit  ratio21'22  Each  of  the  separate  component 
units,  RBCs,  plasma,  and  PLTs,  contains  a  considerable 
increased  amount  of  anticoagulants  and  additives  that  will 
contribute  to  a  dilutional  coagulopathy  compared  with  1  U 
of  FWB.21  Other  potential  advantages  of  FWB  are  that  it 
provides  fresh  (not  stored)  fully  functional  hemoglobin, 
coagulation  factors,  and  PLTs  for  patients  at  high  risk  of 
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mortality  from  hemorrhagic  shock.  The  RBC,  PLT,  and 
plasma  quality  of  FWB  is  higher  than  stored  components.18 
For  example,  microcirculatory  flow  and  the  ability  to 
increase  oxygen  use  decreases  with  RBC  storage,23-27  and 
stored  PLTs  demonstrate  decreased  hemostatic  function 
because  of  a  decrease  in  expression  of  high-affinity  throm¬ 
bin  receptors  during  storage.18,28  The  use  of  FWB  decreases 
the  use  of  stored  components  of  increased  storage  duration, 
which  have  been  associated  with  increased  risk  of  organ 
failure  and  death  in  critically  ill  patients.29-33  Additional 
potential  advantages  of  warm  FWB  for  massively  bleeding 
patients  are  reduced  risk  of  hypothermia  and  hyperkale¬ 
mia,  limited  impact  of  processing  on  function,  and  reduced 
donor  number  exposure3'9'18  Clinically,  FWB  has  been 
demonstrated  to  reverse  dilution  coagulopathy,  and  there 
is  evidence  that  one  single  warm  FWB  unit  has  hemostatic 
effect  similar  to  10  U  of  PLT  concentrates.18'34 


CURRENT  CLINICAL  DATA  AND  USE  OF  FWB 

Clinical  data  comparing  FWB  with  components  have  been 
published  in  both  military  and  nonmilitary  settings.  FWB 
has  been  transfused  by  the  US  Military  in  every  conflict 
since  World  War  1  and  its  use  continues  to  be  taught  at 
predeployment  training  sites.  The  current  US  Emergency 
War  Manual's  chapter  on  the  use  of  FWB  is  largely  based 
on  the  experience  of  its  use  in  Somalia  in  1993.35'36  Hem- 
orrhage  resulting  from  combat-related  injuries  is  the  most 
common  cause  of  potentially  preventable  death  in  military 
operations  37,38  Early  shock  and  coagulopathy  have  been 
strongly  associated  with  mortality  in  this  population  and 
are  interrelated. 1,39,40  In  an  effort  to  rapidly  reverse  shock 
and  coagulopathy  and  death  from  hemorrhage,  FWB  is 
often  used  in  combat  settings  by  the  US  military.  In  fact,  the 
development  of  a  1:1:1  unit  strategy  of  providing  compo¬ 
nents  to  massively  bleeding  combat  trauma  patients  early 
in  the  war  in  Iraq  was  based  on  attempting  to  approximate 
the  use  of  FWB.2  Many  retrospective  studies  have  since 
indicated  that  increased  (>1:2)  plasma-to-RBC  and  PLT-to- 
RBC  ratios  are  independently  associated  with  improved 
outcomes.41  Current  US  military  doctrine  allows  for  FWB 
use  in  emergency,  life-threatening  scenarios  in  combat 
zones  when  tested,  stored  blood  components  are  unavail¬ 
able  or  the  patient  is  not  responding  to  stored  compo¬ 
nents.42  More  than  8000  U  of  FWB  have  been  transfused  in 
the  injured  in  both  Iraq  and  Afghanistan  since  2001. 42 
Recent  retrospective  analyses  of  partial  FWB  use  compared 
with  stored  components  indicate  that  it  is  independently 
associated  with  improved  survival  when  analyzed  in  US 
casualties  from  Iraq  and  Afghanistan.21  One  analysis  that 
included  US  casualties  only  reported  improved  adjusted 
30-day  survival  for  patients  with  severe  traumatic  injuries 
transfused  partially  with  FWB  compared  with  patients 
transfused  with  blood  components  with  similar  severity  of 
injury.21  Flowever,  it  is  limited  by  its  retrospective  nature, 
inability  to  adjust  for  all  potential  confounders,  and  survi¬ 
vorship  bias.  Another  recent  report5  comparing  partial 
FWB  use  with  components  reported  improved  adjusted 
24-hour  survival  using  FWB  that  approached  significance 
but  did  not  indicate  any  difference  in  outcomes  at  30  days. 
Because  this  study  included  non-US  personnel,  it  was 


limited  by  a  significant  loss  (approximately  33%)  of  pa¬ 
tients  before  30  days.  A  very  recent  study  from  Australia  by 
Ho  and  Leonard43  indicated  that  the  use  of  FWB  in  a  mixed 
population  of  cardiac  surgery,  trauma,  and  others  was  not 
associated  with  improved  long-term  outcomes.  It  is  essen¬ 
tial  to  note  that  in  all  of  these  retrospective  FWB  studies, 
none  of  the  patients  received  only  FWB  and  the  proportions 
of  FWB  to  all  blood  given  varied.  In  addition,  a  survival 
advantage  was  associated  with  FWB  when  30%  of  all  blood 
was  in  the  form  of  FWB,21  whereas  the  use  of  FWB  in 
negative  reports  ranged  between  10%  and  20%  of  all  blood 
products  transfused.5,43 

The  strongest  evidence  analyzing  the  clinical  effects  of 
FWB  (warm  and  cold)  to  stored  components  is  a  random¬ 
ized  controlled  trial  (RCT)  in  children  requiring  cardiac 
surgery  by  Manno  et  al.10  This  study  indicated  that  FWB 
(warm  or  cold)  exhibited  both  improved  PLT  function  and 
decreased  bleeding  compared  with  components.10  The  RCT 
by  Manno  et  al.10  was  not  completely  randomized,  because 
randomization  to  the  FWB  group  was  dependent  on  the 
availability  of  an  FWB  donor.  Nevertheless,  Manno  et  al.10 
concluded  in  an  adjusted  analysis  that  the  transfusion  of 
FWB  significantly  decreased  postoperative  blood  loss  com¬ 
pared  with  the  transfusion  of  packed  RBCs,  fresh  frozen 
plasma,  and  PLTs  in  children  younger  than  2  years  old  who 
underwent  cardiac  surgery.  Contradictory  evidence  was 
published  from  another  RCT,  in  children  requiring  bypass 
for  cardiac  surgery,  which  showed  no  differences  in  their 
composite  primary  outcome,  but  did  report  increased  in¬ 
tensive  care  unit  (ICU)  length  of  stay  (LOS)  for  children 
transfused  with  FWB.44  In  this  study,  ICU  LOS  was  a 
secondary  unadjusted  outcome  and  FWB  was  only  given 
intraoperatively  and  not  postoperatively  in  the  ICU,  limit¬ 
ing  ICU  LOS  validity  as  an  outcome. 

Warm  and  cold  FWB  are  also  used  frequently  for 
transfusion  in  austere  settings  and  in  the  nondeveloped 
world.42  At  a  recent  symposium  focused  on  FWB,  Dr.  J.  P. 
Allain  explained  that  the  use  of  FWB  in  sub-Saharan  Africa 
is  not  due  to  lack  of  technical  means  or  higher  costs  but  due 
to  the  concept  that  FWB  is  the  product  of  choice  for  massive 
bleeding  and  acute  primary  malaria.8  It  is  clear  that  there 
will  always  be  a  need  for  FWB  in  austere  combat  situations 
and  in  the  developing  world.  Questions  remain  regarding 
the  need  for  FWB  in  the  developed  world  for  nonmilitary 
use  to  include  large  civilian  disasters  where  stored  compo¬ 
nent  therapy  has  been  exhausted19  (Ref.  2  in  Table  1). 
Prospective  RCTs  are  still  needed  to  determine  whether 
FWB  improves  outcomes  for  trauma  or  other  patients  with 
severe  life-threatening  hemorrhagic  shock  and  additional 
large  multicenter  studies  are  needed  in  pediatric  cardiac 
surgery  patients  that  are  powered  to  analyze  morbidity  and 
mortality.  Whereas  it  is  possible  to  design  trials  with  stored 
FWB,  it  will  be  extremely  difficult  to  perform  RCTs  of 
warm  FWB  in  military  and  developed  world  locations. 
Warm  FWB  trials  may  be  possible  in  the  developing  world 
but  their  external  validity  to  the  developed  world  will  be 
limited.  We  are  aware  of  2  ongoing  trials  of  WB.  One  is  a 
clinical  trial  that  has  started  in  Houston,  TX  to  determine 
whether  the  combination  of  stored  WB  and  PLTs  compared 
with  component  therapy  can  reduce  the  volume  of  blood 
transfused  for  patients  with  severe  traumatic  injury  (Ref.  3 
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in  Table  1).  The  other  is  a  feasibility  and  outcomes  study  in 
Los  Angeles,  CA  that  will  compare  stored  WB  to  compo¬ 
nents  in  severe  trauma  patients  (Ref.  4  in  Table  1). 

FWB  transfusions  are  also  used  regularly  in  countries 
such  as  Japan  and  Israel.45  In  addition,  a  recent  survey  of 
transfusion  practices  in  the  US  and  Canada  revealed  that 
15%  of  children's  hospitals  use  cold  FWB  for  patients  with 
massive  blood  requirements  such  as  those  who  require 
cardiac,  liver  transplant,  or  spinal  fusion  surgery.7  Al¬ 
though  it  is  not  frequently  available  in  the  US,  WB  can  be 
provided  by  blood  collection  centers  because  it  is  an 
FDA-approved  product.  It  is  not  typically  made  available 
because  there  is  a  general  view  that  WB  is  not  necessary 
and  that  for  it  to  be  beneficial  it  must  not  be  stored  for  >48 
hours  because  PLTs  stored  at  2°C  to  6°C  will  not  remain  in 
circulation.2  Unfortunately,  there  are  no  high-quality  clini¬ 
cal  data  supporting  this  belief.  It  is  possible  that  WB  could 
be  stored  at  4°C  for  up  to  14  days  and  still  have  adequate 
hemostatic  function  in  bleeding  patients.46'50  If  clinical 
studies  indicate  improved  outcomes  with  the  use  of  FWB 
for  patients  with  severe  hemorrhagic  shock,  logistic  sys¬ 
tems  will  need  to  improve  to  allow  for  increased  FWB 
availability. 

PROCESSING  AND  STORAGE  EFFECTS 

The  effect  of  FWB  storage  temperature  and  duration  on 
efficacy  in  vitro  is  contradictory.  Nilsson  et  al.51  showed 
good  stability  of  coagulation  proteins  in  WB  during  4°C 
storage.  Fibrinogen  and  plasminogen  activities  did  not 
change  during  4°C  storage,  and  FII,  FVII,  FIX,  FX,  FXII,  and 
FXIII  remained  above  the  lower  normal  limit  even  after  35 
days  at  4°C.  The  most  labile  factors,  FV  and  FVIII,  remained 
above  30%  after  prolonged  storage.47'51  Interestingly,  it  is 
unknown  if  this  frequently  used  threshold  of  30%  coagu¬ 
lation  factor  function  is  appropriate  to  apply  to  patients 
with  traumatic  hemorrhage  because  it  was  established  in 
patients  with  congenital  coagulation  factor  deficien¬ 
cies.52'54  In  a  recent  study  of  properties  of  refrigerated  WB 
stored  for  31  days,  Jobes  et  al.47  demonstrated  preservation 
of  normal  integrated  coagulation  function  to  a  minimum  of 
11  days  and  up  to  14  days  with  FWB  collections  with  TEG* 
and  light  transmission  PLT  aggregometry.  However,  ac¬ 
cording  to  the  other  reports,  the  most  labile  factors  V  and 
VIII  have  reduced  activity  within  12  to  18  hours  and  PLT 
function  decreases  within  5  hours  of  storage  at  4°C  com¬ 
pared  with  warm  FWB.55  Hughes  et  al.56  evaluated  protein 
stability  of  FWB  at  room  temperature  for  72  hours  and 
showed  significant  reduction  in  pH  and  2.3  diphosphoglyc- 
erate,  but  modest  reduction  in  PLT  function  and  plasma 
coagulation  factor  activity  and  no  bacterial  growth.  Prelimi¬ 
nary  in  vitro  data  by  Pidcoke  and  Cap  at  the  US  Army 
Institute  of  Surgical  Research  indicate  that  PLT  function 
measured  by  TEG*  and  multiplate  impedence  WB  ag¬ 
gregometry  is  retained  in  WB  stored  at  4°C  despite  a 
reduction  in  coagulation  factors  for  up  to  14  days.46'50 
These  in  vitro  findings  open  the  possibility  for  an  extended 
availability  of  WB.  Although  WB  can  be  stored  for  up  to  21 
days  at  4°C,  the  classic  belief  that  PLT  function  is  reduced 
after  48  hours  has  precluded  any  use  of  WB  past  48  hours 
in  the  developed  world.  The  potential  benefit  of  increased 
availability  of  WB  is  its  ability  to  restore  oxygen  delivery 


and  hemostasis  in  patients  with  hemorrhagic  shock  with¬ 
out  exacerbating  hemodilution  and  exposing  these  vulner¬ 
able  patients  to  potential  adverse  consequences  of  the 
storage  lesion  of  RBCs  stored  for  more  than  14  to  21  days 
and  PLTs  stored  at  room  temperature.3 

The  standard  practice  of  storing  PLTs  at  room  tempera¬ 
ture  for  transfusion  to  all  patients  including  those  with 
massive  bleeding  has  also  recently  come  into  question.  The 
decision  to  store  PLTs  at  room  temperature  in  the  1970s 
was  based  on  improved  survival  and  recovery  compared 
with  cold  storage  at  lower  temperatures,  but  cold  stored 
PLTs  were  noted  to  have  improved  function  according  to 
PLT  activation  variables.11  It  is  unknown  whether  a  mas¬ 
sively  bleeding  patient  would  benefit  from  an  activated 
PLT  that  is  more  rapidly  removed  from  the  circulation  than 
one  that  is  less  responsive  but  remains  in  the  circulation.  In 
fact,  data  from  an  RCT  in  postoperative  cardiac  surgery  in 
children  indicate  that  both  warm  and  cold  FWB  reduced 
postoperative  bleeding  because  of  improved  PLT  function 
compared  with  PLTs  stored  for  72  hours  or  longer  at  20°C 
to  24°C.10  These  clinical  data  contradict  some  of  the  above- 
referenced  in  vitro  data  indicating  superior  function  with 
warm  compared  with  cold  FWB  and  PLT  concentrates. 

Typically,  FWB  is  not  leukoreduced  because  it  is  being 
given  in  part  to  support  hemostasis,  and  until  recently,  all 
leukoreduction  filters  also  removed  PLTs.  There  are  now  a 
few  PLT-sparing  leukoreduction  filters  that  are  available 
for  clinical  use  that  have  been  approved  based  on  survival 
and  recovery  data.57  The  in  vitro  or  in  vivo  function  of  PLTs 
filtered  by  these  leukoreduction  devices  has  not  been 
examined.  This  is  another  area  of  research  that  needs 
attention. 

There  are  also  different  processing  methods  for  RBCs 
(WB  derived,  apheresis,  buffy  coat)  and  plasma  (from  WB 
held  up  to  8  or  to  24  hours,  and  apheresis)  and  there  are  no 
in  vivo  data  that  compare  efficacy  or  noninfectious  safety 
between  these  processing  methods.  There  needs  to  be  a 
thorough  investigation  using  in  vivo  experiments  that 
evaluate  the  optimal  storage  temperature,  duration,  storage 
solutions,  and  even  plasticizers  generated  from  the  differ¬ 
ent  types  of  storage  bags  used  for  FWB  and  blood  compo¬ 
nents  if  we  are  going  to  analyze  the  safety  and  efficacy  of  all 
blood  products.  RBC  efficacy  should  be  determined  by 
directly  measuring  oxygen  consumption  in  the  setting  of 
shock,  and  with  functional  measures  of  hemostasis  for 
PLTs.  Because  FDA  guidelines  do  not  require  this  level  of 
data  for  blood  products  and  do  not  have  clearly  defined 
criteria  for  efficacy  and  safety  to  be  determined  in  vivo,  it  is 
difficult  for  investigators  to  design  appropriate  experi¬ 
ments.  One  novel  approach  that  is  being  explored  to 
determine  in  vivo  efficacy  of  a  blood  product  uses  a  model 
in  which  immune-deficient  mice  are  transfused  either  hu¬ 
man  RBCs  or  PLTs 26,27,58  This  method  and  others  in 
animals  and  humans  need  to  be  explored  to  establish  a 
well-accepted  approach  to  determining  efficacy  and  safety 
of  blood  products. 

RISKS  ASSOCIATED  WITH  TRANSFUSION  OF 
WARM  FWB 

The  risk  of  severe  hemolytic  reactions  from  the  transfusion 
of  nonidentical  ABO  FWB  is  a  concern,  because  in  austere 
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settings  there  is  often  no  time  for  standard  ABO  testing.  In 
large  combat  hospital  facilities,  ABO  typing  is  performed 
but  this  is  not  always  possible  in  remote  far-forward 
settings.  All  attempts  in  austere  settings  should  be  made  to 
transfuse  ABO-identical  FWB  if  possible.  The  use  of  non¬ 
compatible  ABO  FWB  can  be  used  however  in  dire  circum¬ 
stances  and  is  required  often  as  was  reported  during  the 
Vietnam  War.59  Risk  analysis  of  this  practice  has  been 
recently  described.7  In  far-forward  military  settings,  trans¬ 
fusion  of  ABO-compatible  blood  to  combat  wounded  is 
facilitated  by  identification  on  the  combatants,  but  this 
identification  may  be  in  error  because  it  is  self-reported  and 
not  based  on  actual  ABO  testing.60  A  rapid  test  of  ABO  type 
can  help  mitigate  the  risks  in  all  austere  settings,  where 
standard  blood  bank  ABO  testing  is  unavailable.  A  recently 
developed  rapid  test,  developed  with  funding  from  the  US 
Army,  is  now  available.  The  new  Micronics  ABO/Rh  Card 
is  a  disposable,  credit  card-sized  device  that  can  accurately 
determine  the  ABO  blood  type  and  Rh  factor  from  a  single 
drop  of  blood  in  <30  seconds.  It  is  the  first  device  that  does 
not  require  refrigeration  or  supporting  equipment  and  that 
works  in  a  closed  system  to  protect  the  blood  sample  and 
reagents  from  environmental  contamination.61  The  capabil¬ 
ity  to  perform  rapid  and  accurate  ABO  testing  will  facilitate 
safer  FWB  transfusion  in  the  developing  world  in  addition 
to  its  potential  use  in  civilian  disasters. 

In  comparison  to  components  available  from  standard 
blood  bank  collections,  warm  FWB  collections  have  greater 
risk  associated  with  the  potential  for  pathogen  transmission 
(range  of  1  / 500  to  1  /  800  for  hepatitis  C  virus)20,62  and  for 
white  blood  cell  (WBC)-related  complications.  Because 
warm  FWB  is  currently  always  given  in  remote  settings,  it 
is  not  possible  for  formal  transfusion-transmitted  disease 
testing  to  be  performed  before  transfusion  and  as  a  result 
the  transfusion  of  WB  contaminated  with  pathogens  can 
occur.63  Whereas  the  risk  of  infectious  disease  transmission 
with  FWB  can  be  significantly  reduced  for  the  pathogens 
human  immunodeficiency  virus,  hepatitis  B  virus,  and 
hepatitis  C  virus  with  the  use  of  rapid  (20-  to  30-minute) 
screening  tests,20  infectious  pathogens  for  which  no  screen¬ 
ing  tests  are  available  are  also  of  concern.  Donor  screening 
questionnaires  help  to  reduce  the  risk  of  exposure  to  other 
types  of  infectious  pathogens,  but  the  use  of  questionnaires 
can  be  impractical  under  the  conditions  in  which  warm 
FWB  is  usually  needed.  The  risk  of  transmitting  parasitic 
diseases  because  of  local  exposure  in  austere  settings  is  also 
a  concern  with  the  use  of  FWB  that  currently  cannot  be 
mitigated. 

Transfusion  of  high  numbers  of  leukocytes  has  been 
shown  to  lead  to  a  number  of  donor  antirecipient  re¬ 
sponses,  such  as  transfusion-associated  graft  versus  host 
disease  (TA-GvHD),  transfusion-associated  microchimer- 
ism,  febrile  nonhemolytic  transfusion  reactions,  and  induc¬ 
tion  of  alloantibodies.  Transfusion  of  nonleukoreduced 
FWB  may  be  responsible  for  the  association  of  FWB  with 
renal  failure  and  acute  respiratory  distress  syndrome  in 
recent  retrospective  reports.8,23,26  TA-GvHD  can  be  miti¬ 
gated  by  y-irradiation  (current  protocol  is  exposure  to  25 
Gy),  but  this  is  logistically  impractical  to  perform  in  austere 
settings.  Prestorage  leukoreduction  can  be  an  effective  tool 


for  mitigation  of  some  but  not  all  leukocyte-associated 
risks. 

The  risks  associated  with  pathogens  could  be  mitigated 
by  a  pathogen  reduction  device.  Currently,  no  such  devices 
are  approved  by  the  FDA.  Methods  for  the  pathogen 
reduction  of  blood  components  (treated  after  separation 
from  WB)  are  in  use  or  in  development.  Pathogen  reduction 
technologies  for  the  treatment  of  plasma  are  approved  and 
used  in  other  parts  of  the  world.64  These  technologies  use 
different  mechanisms  for  inactivation  of  pathogens  (such  as 
solvent  detergent,  methylene  blue,  amotosalen  with  UV 
light,  and  riboflavin  with  UV  light).  Treatment  of  cellular 
components  is  more  complicated  because  of  the  potential 
for  altering  the  function  of  the  cells.  Two  of  the  devices 
used  to  treat  plasma  are  also  used  to  treat  PLTs64:  the 
Intercept  Blood  System  (amotosalen  and  UV  light,  Cerus 
Corp.,  Concord,  CA)  and  the  MirasoT”  Pathogen  Reduction 
Technology  (PRT)  System  (riboflavin  and  UV  light,  Terumo 
BCT,  Inc.,  Lakewood,  CO).  These  technologies  also  inacti¬ 
vate  leukocytes65-68  and  mitigate  the  risk  of  TA-GvHD.69,70 

For  the  treatment  of  erythrocytes,  various  technologies 
have  been  tested,  with  2  technologies  reaching  phase  III 
clinical  studies.  In  both  cases,  the  studies  were  halted 
because  of  observations  of  recipient  antibodies  against  the 
treated  RBCs.  One  of  those  technologies  (Inactine)  is  no 
longer  in  development.  The  other  technology  (S-303)  has 
been  modified  to  increase  the  concentration  of  quencher 
and  thereby  reduce  the  membrane  modifications  due  to 
S-303.  The  S-303  technology  has  been  evaluated  with  recov¬ 
ery  and  survival  studies  in  healthy  volunteers.71 

Treatment  of  WB  with  a  pathogen  reduction  and  leuko¬ 
cyte  inactivation  step  would  be  the  simplest  method  to  use, 
both  when  considering  the  transfusion  of  WB  and  the 
preparation  of  components.  The  S-303  technology  has  been 
tested  in  vitro  to  assess  its  effectiveness  in  the  treatment  of 
WB.72  Data  for  a  limited  number  of  replicates  and  a  few 
viruses  and  bacteria  are  presented  by  Mufti  et  al.72  Safety  of 
the  S-303  compound  has  been  evaluated  in  studies  of 
toxicity73  with  relevance  to  the  treatment  of  RBCs  (which 
are  centrifuged  after  treatment  to  remove  the  S-303  solution 
and  replace  with  fresh  additive  solution).  Neoantigenicity 
of  the  S-303  is  of  concern,  even  at  the  low  levels  present 
after  removal  by  washing  in  the  red  cell  treatment  system. 
After  observations  of  immunogenicity  in  clinical  trials  in 
patients,  the  process  for  treating  RBCs  was  modified  to 
decrease  the  immunogenicity  with  an  increase  in  the 
amount  of  glutathione  and  tested  in  RBC  recovery  and 
survival  trials.71  Removal  of  the  S-303  from  WB  after 
treatment  would  need  to  be  accomplished  by  use  of  special 
filtration  or  adsorption  devices,  because  centrifugation  and 
removal  of  the  plasma  from  WB  would  change  the  nature 
of  the  blood  product.  Such  methods  have  not  yet  been 
described  and  may  still  be  in  development. 

Leukocyte  inactivation  and  pathogen  reduction  have 
also  been  tested  with  the  Mirasol  System  for  Whole  Blood. 
This  system  was  adapted  from  the  Mirasol  PRT  System, 
and  uses  the  same  illuminator,  disposable  kit,  and  solution. 
Similar  to  the  Mirasol  PRT  System  for  Platelets  and  Plasma, 
the  Mirasol  System  for  Whole  Blood  uses  riboflavin  and  UV 
light  to  reduce  pathogens  and  inactivate  leukocytes.  This 
technology  has  been  evaluated  in  vitro  for  blood  quality 
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and  WBC  inactivation,  as  well  as  for  virus,  bacteria,  and 
parasite  reduction,66,74,75  and  in  an  early-phase  in  vivo 
study.76 

The  Mirasol  System  for  Whole  Blood  has  been  tested  for 
efficacy  with  respect  to  leukocyte  inactivation  and  patho¬ 
gen  reduction.  The  WBC  inactivation  studies  in  previous 
publications  provided  in  vitro  data77  that  indicated  that  the 
device  would  be  effective  at  preventing  GvHD.  Recent  in 
vitro  work66  provides  a  comparison  of  -y-irradiation  with 
Mirasol  treatment.  Treatment  with  the  Mirasol  System  and 
treatment  by  -y-irradiation  were  similarly  effective  in  reduc¬ 
ing  viable  T  cells  in  treated  WB,  and  Mirasol  treatment  was 
more  effective  in  suppressing  antigen  presentation,  cellular 
activation,  and  cytokine  secretion. 

Pathogen  reduction  efficacy  has  been  tested  with  an  in 
vitro  assay  for  Trypanosoma  cruzi,78  in  which  the  level  of 
reduction  observed  was  £3.5  log  and  <4.5  log.  Reduction 
of  another  parasite,  Babesia  microti,  was  5.0  log  when  tested 
with  an  in  vivo  model.74  Tests  of  virus  reduction  have 
been  reported  for  model  viruses  and  for  bacteria  that  have 
been  associated  with  transfusion-transmitted  infections.77 
The  reduction  of  nonenveloped  and  enveloped  viruses 
ranged  from  1  to  5  log  and  the  reduction  of  low-titer  spikes 
of  bacteria  (consistent  with  levels  in  donated  blood)  elimi¬ 
nated  the  growth  of  Yersinia  enterocolitica  and  Serratia 
liqnefaciens.  The  pathogen  reduction  levels  observed  for  this 
device  are  expected  to  provide  increased  safety  relative  to 
disease  transmission  by  reducing  levels  of  infectious  agents 
present  in  donated  units. 

Riboflavin  is  a  vitamin,  and  is  generally  regarded  as 
safe.  It  is  not  removed  from  WB  or  blood  components  after 
treatment.  Safety  of  the  WB  treated  with  the  Mirasol 
System  has  been  assessed  in  preclinical  studies  (including 
tests  of  neoantigenicity),  and  is  supported  by  the  toxicology 
work  done79  to  support  PLT  and  plasma  components 
treated  with  the  Mirasol  PRT  System  for  Platelets  and 
Plasma.  Mirasol  PRT-treated  PLTs  and  plasma  are  in 
routine  use  in  countries  outside  of  the  US.64  Future  pre¬ 
clinical  testing  of  treated  WB,  beyond  the  FDA  standards  of 
survival  and  recovery,  will  evaluate  the  efficacy  of  treated 
FWB  to  increase  oxygen  use  and  clot  formation  in  vivo. 
Future  clinical  studies  of  treated  WB  will  involve  tests  of 
the  efficacy  of  treated  components  derived  from  the  treated 
WB,  as  well  as  safety  and  efficacy  of  transfused,  treated  WB 
itself.  Clinical  studies  of  treated  WB  will  provide  additional 
evidence  regarding  the  safety  and  efficacy  of  untreated  WB, 
which  would  be  the  appropriate  control  blood  product  for 
such  studies. 

CONCLUSION 

FWB  continues  to  be  used  in  a  variety  of  clinical  settings. 
Except  for  pediatric  cardiac  surgery,  the  decision  to  use 
FWB  in  these  situations  is  based  on  perceived  risk-benefit 
ratios  that  are  not  supported  with  adequate  data.  The 
limited  data  on  both  FWB  and  component  efficacy  and 
noninfectious  safety  need  to  be  addressed  in  a  multidisci¬ 
plinary  manner.  Continuing  to  transfuse  patients  with 
blood  products  in  which  the  ability  to  improve  oxygen  use 
or  support  hemostasis  has  not  been  established  is  concern¬ 
ing,  especially  in  the  critically  ill.  The  multiple  processing 
and  storage  methods  used  for  WB  and  components  also 


require  thorough  investigation.  For  WB  to  be  a  feasible 
option  in  nonaustere  settings,  the  ability  to  have  it  fully 
tested  for  pathogens  and  stored  for  at  least  7  to  14  days  is 
optimal.  Data  on  prolonged  WB  storage  at  2°C  to  6°C  are 
encouraging  but  in  vivo  studies  are  needed.  The  risks  of 
pathogen  transmission  and  of  WBC-related  complications 
in  warm  FWB  may  be  mitigated  with  technologies  in 
development.  The  optimal  resuscitation  strategy  for  pa¬ 
tients  with  severe  hemorrhagic  shock  is  undetermined. 
Exploring  whether  FWB  is  an  appropriate  option  in  certain 
circumstances  is  warranted.  Efforts  to  preserve  FWB  benefit 
while  avoiding  complications  are  also  essential.  22 
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